Abstract-Battery storage has many benefits, such as providing instantaneous response to changes in demand, clean electricity to customers, and integration of intermittent power sources. However, at the present time battery storage has proven to be too costly for widespread implementation. While there has been research to examine the cost at which battery storage will become cost effective for particular applications, little work has been done to determine the most effective placement of battery storage for the greatest impact on the system as a whole. This research examines battery storage in a real-time pricing energy market, and compares the cost effectiveness of three different cases: (1) Battery storage owned and operated by an intermittent renewable energy generation facility, (2) Battery storage connected to the grid providing energy services, (3) Battery storage owned and operated by a manufacturing plant. Realtime pricing data from ISO New England was analyzed to determine the monetary benefits of each case on a per megaamp-hour basis. By looking at the issue holistically, instead of analyzing specific scenarios as previous researchers have done, the benefits of each placement can be isolated from the overall benefits of connecting storage to the grid. Once the true value of each scenario can be accurately identified, the integration of utility scale battery storage is optimized for the maximum benefits to all.
INTRODUCTION
Energy storage systems are a critical component of the electricity grid. Energy storage provides stability and enables power generation to closely match demand [1] - [3] . More and better storage will become necessary as distributed, and renewable energy generation increases [2] , [4] , [5] . The irregularity of distributed and intermittent energy generation makes batteries an attractive storage technology, due to several key advantages that they have over other storage options. Batteries can dispatch energy within seconds, they have low self-discharge rates, and they are scalable to MWh-scale storage [1] , [2] . The primary barrier to widespread battery implementation is high initial cost; however, research indicates that prices are decreasing [6] - [8] .
Real-time pricing provides the marketplace with a realtime cost to generate and deliver electricity. Real-time pricing has gained popularity due to the leveling effect that it can have on energy demand [8] .
When consumers assume the responsibility for paying the real cost of electricity generation and distribution, they begin to make conscious decisions about reducing their electrical consumption when prices are high [8] , [10] . This leads to a reduction of electrical consumption, a more even distribution of demand throughout the day, and a reduction of harmful emissions [8] , [10] .
As more renewable generation is being added to the grid, along with a push to allow consumers to opt into real-time pricing, battery storage could play a critical role in future energy storage applications [8] . Researchers have analyzed the cost effectiveness of battery storage in providing renewables firming, behind-the-meter arbitrage, and when connected to real-time pricing markets. This project will quantify the economic benefit that can be realized from a battery storage system in a real-time pricing market, and compare various applications in order to determine more optimal placements of battery storage once it becomes cost effective.
II. METHODS
In order to compare the three different battery configurations, (1) connected to renewable generation, (2) connected to the grid independent of other generation or consumption, and (3) connected behind-the-meter to a manufacturing plant, dynamic programming (DP)-based optimization of the battery charge/discharge was employed. Because this project compares the economic benefit of grid scale battery storage of a variety of configurations, an idealized battery was modeled.
A. Battery Parameters
The battery model used for this project was kept consistent for each of the three configurations. This allowed for a direct comparison of the economic value derived from the battery. The size of battery was modeled to be 1,000,000 Amp-hours (1MAh), with an open-circuit voltage of 480 Volts. A constant, maximum C rate of 1 was used, meaning that the battery can fully charge or discharge in 1 hour without any reduction due to the state of charge (SOC). The battery was permitted to fully charge and discharge without penalty or degradation. A summary of the relevant parameters is presented in Table 1 . 
B. Data Description
The real-time price data was obtained through ISO New England, and is comprised of 15 minute real-time locational marginal pricing. The solar production data was from The Christman Field in Fort Collins, CO, and was provided by SunEdison. The manufacturing plant date was obtained through EnerNOC Open Data.
C. DP Algorithm
The DP maximizes economic benefit throughout a given time range by controlling changes in the battery state of charge, based on the price of electricity at that time. The time range is broken up into increments, each defined as the "stage", and the battery states of charge are each defined as the "state". DP allows for the determination of the optimal control at each state and stage. This allows for an optimal control sequence to be determined, based on a starting state and stage, which will optimize the economic benefit throughout the time period.
In order to simulate a continuing process, the starting state for each year of simulation is set to 50% state of charge. The value of the ending state is increasingly penalized the more it deviates from 50% state of charge, this is done by defining an end state penalty function. Penalty = -100,000*(SOC -0.5)
This forces the dynamic optimization program to seek an end state of charge close to 50% unless the price of electricity is sufficiently high or low to overcome the penalty.
The value function defined for this study was applied at each state and stage, and was used to determine the optimal control.
The Power term was defined by the following equation,
where the S and C terms represent the solar generation and manufacturing consumption, respectively. The Amps term represents the amount of energy being charged to or discharged from the battery, and is defined by,
At each state and stage, the Value term is calculated for every Control option available. Then, the Control option leading to the highest value will be saved as the optimal control for that particular state and stage. This allows the optimal path to be determined, from whatever starting state and stage are selected.
D. Grid Convergence Study
A grid convergence study was completed to ensure that the dynamic optimization was converging on an actual answer. In order to accomplish this, the total economic value was examined for various numbers of battery states. Increasing the number of states also increases the number of control options available; this finer grid allows the dynamic optimization to find a more accurate answer. If the program converges on a single number as battery states are increased, then this system can confidently be used as the solution.
Since batteries can have a diverse range of characteristics, this grid convergence study was conducted for several battery models, varying only the maximum C rate . The maximum C rate is the fraction of capacity that the battery can charge or discharge in a given hour. A battery with a maximum C rate of 1.0 can fully charge or discharge in one hour. A battery with a maximum C rate of 2.0 can fully charge or discharge in a half an hour. Along with varying the maximum C rate , the internal resistance, or R int (Ohms), is modeled as a function of the maximum C rate .
R int = (V oc /2)*(1/C rate *1,000,000)*(0.8)
This internal resistance term reduces the efficiency of the battery at high rates of charge and discharge. The open circuit voltage (V oc ) that the battery model operated at was fixed at 480 Volts, and the battery capacity was fixed at 1 Mega AmpHour. The grid convergence study was run on ISO New England real-time price data for a single day, 14December2015.
The grid convergence study was conducted at 7 different C rate values. The dynamic optimization program was conducted for 4 increasingly greater available states of charge. Each battery has a minimum charge value of 0% and a maximum charge value of 100%. Increasing the battery states simply increases the resolution of the energy states available. For example, the battery with 101 states of charge has increments of 1% while the battery with 1001 states has increments of 0.1%.
As can be seen in Table 2 , the results of each C rate begin to converge on a singular total value as the state of charge resolution is increased. From these results, it can also be noted that increasing the C rate of the battery can have drastic effects on the total value. Increasing the C rate from 1 to 2 increases the total value by approximately 73%, while increasing C rate from 3 to 4 only increases the total value by 16%. This fact is more clearly demonstrated in Fig. 1 by the way that the slope of the graph decreases as C rate increases. Once the grid convergence study proved that the dynamic optimization was converging on a solution, the dynamic optimization was applied to a full year of real-time pricing data. A C rate of 1.0 was selected for comparing the three configurations. Additionally, the total value of the solar generation and manufacturing plant consumption, independent of energy storage, was identified. This allowed the value of the battery storage acting independently to be directly compared with the battery storage connected to the solar generation and the manufacturing plant, which reveals whether or not the battery makes its own business case regardless of the configuration.
III. RESULTS AND DISCUSSION

A. Quantification of Value for the Grid-Connected Battery
Increasing the C rate of the battery allows more of the battery capacity to be charged and discharged in a given stage, which leads to higher total value through simple arbitrage. At a C rate of 4, the battery can fully charge or discharge in a single 15 minute increment. Because the pricing data is also in increments of 15 minutes, any increase in C rate above 4 does not enable additional value through arbitrage. The increase in total value at C rate higher than 4 is only a result of the decrease in internal resistance.
B. Configuration Comparison
The DP optimization was run for each of the three configurations for an entire year. A C rate of 1 was selected for the configuration comparison. This means that in each 15-minute increment, the battery can charge or discharge 25% of its SOC. The battery was modeled to be several orders of magnitude larger than the solar energy supply and the manufacturing plant consumption in order to allow the dynamic optimization program to run smoothly. It was assumed that the operation of battery arbitrage would not be significant enough to affect the electric market, and that the RTP market would remain unchanged.
The results from the dynamic optimization for the three configurations can be seen in Table 3 . Each configuration was analyzed, first, the grid-connected battery without any solar or consumption connected to it. This yielded a total value of $13,765,001. This figure represents the amount of economic value that can be derived by the battery itself. Next, the solar data was connected to the battery, and the dynamic optimization was run again. This yielded a higher value from the battery because the solar generation provided more power to sell. Similarly, the total value of the manufacturing plant connected battery was lower than the stand-alone battery case; this was a result of the plant consumption of requiring the purchase of electricity. In order to normalize the three cases for comparison, the value of the solar data and manufacturing consumption were identified. This was done by calculating the value of the solar generation and plant consumption without storage, allowing this value to be subtracted from the battery value for each case. The value of the solar generation if sold without storage at the time of generation was a total of $99,784, and the total value of the manufacturing plant consumption if bought without storage at the time of consumption was a total of negative $72,779. These values were then used to normalize the value of each case, separating the battery value from the value of the generation and consumption. When this was done, the value that the battery contributed to each case is the same. This indicates that a battery's value is independent of the generation or consumption that is connected to it. This also shows that in a real-time pricing market, there is no additional Figure 1 . Total value as a function of Crate. As the Crate is increased, the total value increases. This relationship also demontrates an approach to a theoretical maximum. This theoretical maximum will occur when the Crate is large enough to make the internal resistence effectively zero.
value to be gained through "renewables firming" or "peak shaving" beyond what the battery can provide through arbitrage independent of these applications.
C. Optimal Battery Management Policies
Applying dynamic optimization for an entire year of data reveals some interesting things about the ideal operation of the battery. Fig. 2 demonstrates the control sequence, state of charge, and the price of electricity for an example time period; a positive control input corresponds to selling electricity, while a negative control input corresponds to buying electricity. As can be seen in the graph, the dynamic optimization shows that saving energy in order to sell as much as possible during pricing anomalies, times of extremely high or low prices, is advantageous. It also shows that some value can be gained during periods of relatively standard pricing, by exploiting fairly small differences in price. These small price differences become less important as the battery prepares for large pricing anomalies. Seasonal variations in price are also negligible, as the value that can be derived from large spikes in price is far greater than any seasonal variation that may be present.
IV. CONCLUSIONS
The primary conclusion that can be drawn from this analysis is that in a real time pricing market, the concepts of "renewables firming" and "peak shaving" do not realize value relative to a disaggregated grid-connected battery. Instead, the battery makes its own business case, providing economic benefit through arbitrage independent of the generation or consumption attached to it. This does not discount the fact that increasing grid connection of intermittent renewables is causing a growing need for advanced energy storage capabilities. When battery storage becomes cost effective, it can be utilized throughout the grid in order to leverage their fast response time, low self-discharge rate, and scalability. Because batteries can make their own business case, they can be implemented in a real-time pricing market in a variety of configurations with the same economic benefit.
In electricity markets where ramp rates and time of use rates are employed, batteries have been demonstrated to add some value associated with connecting them to renewables or to a manufacturing plant. However, as more markets move towards real time pricing, the value derived from renewables firming and peak shaving will disappear.
Additional conclusions from this research can help grid scale battery storage operators to make informed decisions on how best to manage energy storage for maximum economic benefit. This study clearly shows the impact that C rate has on the battery's ability to obtain value through arbitrage. Increasing the C rate increases the total value significantly. With a higher C rate , the battery can take advantage of uncharacteristically high and low prices of electricity, which do not last for very long. The high C rate batteries can discharge or charge more fully during these short increments of very high or low prices, in order to maximize the value derived from them. These price anomalies are the primary drivers of economic benefit, and render seasonal variations negligible. Daily variations still make a fairly significant contribution to the total value; even though the daily price extremes are relatively low, their high frequency enables value to be derived between anomalies. Battery storage operators can gain the most economic benefit by leveraging the fast response time of the battery to take advantage rapidly changing electricity prices.
